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A biofilm reactor was developed to investigate the sorption of polycyclic aromatic
hydrocarbons (PAH) as model compounds for hydrophobic organic contaminants (HOC)
to intact microbial biofilms at environmentally realistic concentrations. When operated as
a differential column batch reactor, the system can be used to study the thermodynamics
as well as the kinetics of the exchange of HOC between an aqueous phase and microbial
biofilms. Organic carbon normalized partition coefficients (Koc) for phenanthrene,
fluoranthene and pyrene were at the lower end of those known for other organic sorbents.
Intra-biofilm diffusion coefficients (D) were calculated from decrease in solute concentra-
tion over time using a model for diffusion through a plane sheet and ranged from 0.23 to
0.45 109 cm2 s1 for the three PAH. These diffusion coefficients are about four orders of
magnitude lower than those reported in literature for free aqueous solution. These data
and the experimental approach presented here are useful to assess the importance of
microbial biofilms for exchange processes of HOC in heterogeneous systems such as water
distribution systems, membranes and aquifers, sewer systems or surface soils.
& 2007 Published by Elsevier Ltd.ER 61
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Biofilms may significantly influence the distribution of
hydrophobic organic compounds (HOC) in heterogeneous
aqueous systems and, hence, their residence time, mobility
and fate in such systems. When the solid phase provides only
poor sorption properties (sewer systems, water supply
systems, sand filters, membranes, mineral particles in sur-
face waters and aquifers), the evolution of a microbial biofilm
on its surfacemay provide an important sink and reservoir for
hydrophobic contaminants delivered by the aqueous phase.
Accumulation of HOC in such biofilms and the increased
contact time with bacteria residing in these biofilms may
allow adaptation of microorganisms and mineralization ofed by Elsevier Ltd.
fax: +49 30 31423850.
erlin.de (T. Reemtsma).
l., Experimental and mo
lms, Water Res. (2007), dthese trace pollutants. For these reasons, the evolution of a
biofilm may be essential to retain and to remove HOC in such
systems. If these biofilms are detached, however, they could
turn into a source for HOC.
When the solid phase itself has good sorption properties
(soil, activated carbon), a biofilm coverage may act as a barrier
that slows down the mass transfer of a hydrophobic
compound from the dissolved to the particulate phase. In
this case, biofilm growth may hamper rather than improve
the removal of HOC.
To quantitatively assess the importance of biofilm coatings
on surfaces exposed to water for the fate of HOC in these
systems, knowledge on the partition coefficients (KD) as well79
81
deling approach to study sorption of dissolved hydrophobic
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WAT E R R E S E A R C H ] ( ] ] ] ] ) ] ] ] – ] ] ]2as on the diffusion coefficients for the respective contami-
nant in biofilms is required.
Sorption of pesticides to intact biofilms of surface waters
has been studied (Headley et al., 1998) and KD values were
determined. Studies using biofilm components, either the
bacteria itself or their extracellular polymeric substances
(EPS) are a bit more frequent. The sorption of chlorophenols
(Wang et al., 2002) and of PCB (Sobek et al., 2006) to bacteria
has been investigated, as well as the partitioning of phenan-
threne (Brunk et al., 1997) and chlorophenol (Wang et al.,
2002) to EPS.
Even less work has been directed to kinetic aspects of these
processes. It has been recognized that the decrease in solute
concentration due to sorption to biofilms followed a first-
order kinetics (Headley et al., 1998), but only little is known
about diffusion coefficients of trace pollutants inside micro-
bial biofilms, yet. For the moderate hydrophobic compound
toluene, diffusion coefficients in Pseudomonas putida biofilms
were determined that are about two orders of magnitude
lower than its aqueous diffusivity (Holden et al., 1997).
Thus, only little thermodynamic and kinetic data concern-
ing the sorption of HOC to intact microbial biofilms are
available and methods to determine these data at environ-
mentally relevant concentrations are limited. In this study, a
biofilm reactor was developed that allows to study the extent
of sorption/partitioning of polycyclic aromatic hydrocarbons
(PAH) as model compounds for HOC to microbial biofilms and
to determine their rate of diffusion in such biofilms.
Quantitative data for both aspects are provided that allow to
quantitatively assess the importance of microbial biofilms on
surfaces for the fate of HOC in aqueous systems.93
95
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99
101RE
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2. Materials and methods
2.1. Materials
The standards phenanthrene (99.5+%), fluoranthene (99%)
and pyrene (99%) were purchased from Aldrich (Steinheim,
Germany). Solvents for the liquid chromatography were
acetonitrile (gradient grade) from Promochem (Wesel, Ger-UN
CO
R
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many), and ultrapure water (prepared with water purifier
Maxima, ELGA Ltd., England).
2.2. System setup
The biofilm reactors (Fig. 1) are made of glass (length 12 cm,
inner diameter 3.4 cm and volume 80mL) with PTFE sealing
and are filled with glass beads (3mm diameter, total surface
area approximately 800 cm2). The glass beads were etched
with hydrofluoric acid prior to use to roughen the surface and
to improve the attachment of bacteria.
Each sorption experiment consists of two phases: a growth
phase to establish the biofilm in the reactor, and a sorption
phase, in which the sorption onto the biofilm was studied. A
schematic view of the experimental setup for each of these
phases is shown in Fig. 1a and b.
2.2.1. Biofilm production
A sterile biofilm reactor was inoculated with a pure bacterial
strain (overnight culture) and allowed to stand for 6h. Then
100% TSB medium (Tryptic Soy Broth—purchased from BD
Diagnostics) is pumped from a storage bottle (5 L) by a
peristaltic pump at a flow rate of 8mLh1 through the reactor
into a waste bottle. A second peristaltic pump connected to
an internal loop increases the flow through the reactor and is
operated at 35mLmin1. All tubings are made of silicon and
the whole setup was sterilized before use and operated under
sterile conditions. A typical growth phase lasted 6 days.
The experiments are performed with strain 30A isolated
from a slow sand filtration unit. Sequence analysis revealed
strain 30A as a member of Rhizobiaceae with Sinorhizobium
sp. TB-10-II as closest relative.
2.2.2. Sorption experiments
After biofilm establishment, the reactor was transferred into
the chemical laboratory and connected with the second setup
(Fig. 1b). This system consisted of a piston pump Buechi B-681
(Buechi, Flawil, Switzerland) that delivers the solution from a
supply bottle via PTFE tubing into the reactor, from where it
flows back into the supply bottle at a flow rate of103
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100mLmin1. The content of the supply bottle is continu-
ously mixed by a magnetic stirrer. Experiments are performed
at room temperature (T ¼ 2172 1C). After connecting the fresh
biofilm reactor, the supply bottle is first filled with 1 L of tap
water and the reactor is flushed to remove non-attached
biomass and the growth medium.
Then, the supply bottle is exchanged, filled with 0.5 L of tap
water, and spiked with phenanthrene, fluoranthene and
pyrene by adding 10mL of a stock solution (62.5mgL1 of
each compound in propanol) to obtain the start concentration
of 1.25mg L1. After starting the pump, the sorption experi-
ment was allowed to run for 2–3h.
Tap water has been used as aqueous phase to suit the living
conditions of the microorganisms (e.g. regarding ionic
strength). Chemical characteristics are as following: Na+:
28mgL1, K+: 5mgL1, Ca2+: 150mgL1, Mg2+: 6mgL1,
SO4
2: 125mgL1, HCO3
: 218mgL1, pH 7.6, temperature:
19 1C, conductivity: 725mS cm1 and dissolved organic carbon
(DOC) concentration: 4.5mgL1).
2.3. Sampling and analysis
Samples were taken in intervals of up to every minute from
the column outlet and 800mL of it was filled in a vial
containing 200mL of acetonitrile to prevent sorption of the
PAH to the glass walls.
2.3.1. Determination of dissolved PAH
PAH analysis was performed by HPLC using a Waters 2690
liquid chromatograph equipped with a column oven (25 1C)
and a Shimadzu RF-551 fluorescence detector. An Ultrasep ES
PAH column (1253mm, 5 mm—Sepserv, Berlin, Germany)
with a water–acetonitrile gradient at a flow rate of
0.6mLmin1 was used: 0min 60% AcCN, 14min 95% AcCN,
15min 60% AcCN, followed by equilibration until the end of
each run (20min). The injection volume was 100 ml. PAH were
detected by time-programmed fluorescence detection
(0–6.8min lEX 260nm, lEM 360nm for phenanthrene,
6.8–20min lEX 260nm, lEM 420nm). Retention times for
phenanthrene, fluoranthene and pyrene were 5.9, 7.5 and
8.2min, respectively.
2.3.2. Determination of biomass dry weight, biofilm volume,
biofilm thickness and carbon content
After sorption experiments, the glass beads of the biofilm
reactor were emptied into a flask with tap water, and the
biofilm was detached off the beads by repeated washing steps
and, finally, by ultrasonic treatment (10min). The washing
solutionswere collected and filtered over preweighted 0.45mm
nitrocellulose membrane filters (Sartorius, Goettingen, Ger-
many). The biomass weight was determined after drying for
24h at 105 1C. If necessary (high biomass concentration),
biomass solution was centrifuged before filtration (10min at
1600g). Additionally, the solution remaining in the supply
bottle at the end of each sorption experiment contained small
amounts of organic material that detached from the biofilm
during the sorption experiment (o5%). This solution was,
therefore, also filtered over preweighted 0.45mm membrane
filters, and the particulate matter remaining on the filter was
added to the biofilm mass.Please cite this article as: Wicke, D., et al., Experimental and mo
organic contaminants to microbial biofilms, Water Res. (2007), dD P
RO
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The water content of the biofilm was assessed from the
pellet remaining from detached biofilm after centrifugation
and removal of the supernatant. The mass of this pellet was
determined before and after drying for 24h at 105 1C.
Biofilm volume was determined by calculation of the
biofilm wet weight (from dry weight and water content),
taking into account an assumed biofilm density of 1 g cm3.
Biofilm thickness was calculated by dividing the biofilm
volume by the surface area of the glass beads.
Carbon content of detached and dried biofilm was deter-
mined using an elemental analyzer (vario EL III C/N/S,
Elementar, Hanau, Germany).
2.3.3. Determination of sorbed PAH and partition coefficient
KD
The total concentration of PAH sorbed to the biofilm at
equilibrium (qN) was determined from the decrease of solute
concentration in the aqueous phase according to Eq. (1):
q1 ¼
ðc0  c1ÞV
ms
, (1)
where c0 is the solute concentration at t ¼ 0, cN the solute
concentration at equilibrium, V the volume of water and ms
the sorbent mass (biofilm dry mass).
As the duration of these sorption experiments was short
(o180min) and the microorganism forming the biofilm was
not a PAH-degrading species, a concentration decrease due to
biodegradation can be ruled out.
The partition coefficient KD is the ratio between the
equilibrium concentration in the biofilm (qN) and the
corresponding equilibrium concentration in solution (cN):
KD ¼ q1c1
. (2)
2.3.4. Determination of dissolved organic carbon
The DOC was determined using a TOC analyzer (highTOC,
Elementar, Hanau, Germany) with catalytic high-temperature
combustion. DOC was determined in the solution remaining
in the supply bottle at the end of each sorption experiment
and the washing solution used for detaching the biofilmmass
from the glass beads after the experiment. The DOC of the
latter was added to the biofilm mass because it was lost from
there during the detachment process.
The quality of dissolved organic matter in solution after the
sorption experiments was characterized by size exclusion
chromatography (SEC) with UV and organic carbon detection
(SEC-OCD) as described in Rosenberger et al. (2006).
2.4. Modeling
For the determination of intra-biofilm diffusion coefficients,
the analytical solution of the diffusion equation
qc
qt
¼ D q
2c
qx2
(3)
for the problem of diffusion from a stirred solution of limited
volume into a plane sheet was used (Crank, 1975). Although
these experiments were performed in column reactors filled
with glass beads, this is an appropriate approach for thedeling approach to study sorption of dissolved hydrophobic
oi:10.1016/j.watres.2007.01.039
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following reasons. (A) The column reactor used in these
experiments was operated at high flow rates with an only
incremental decrease in solute concentration during one
reactor passage. This mode of operation is called differential
column batch reactor (DCBR; Sontheimer et al., 1988), and the
time course of concentration in these systems is equivalent to
a stirred batch reactor system. (B) The glass beads in the
column act as solid support for the biofilm only, without
being involved in the sorption and diffusion processes.
Consequently, the biofilm is seen as a plane sheet with a
surface area equal to the surface area provided by the glass
beads and a thickness equal to the biofilm thickness.
The solution in a form expressing the amount of solute in
the sheet at time t as a fraction of the corresponding amount
at equilibrium (q/qN) is shown in the following equation
(Crank, 1975):
q
q1
¼ 1
X1
n¼1
2aðlþ aÞ
1þ aþ a2l2n
expðDl2nt=l2Þ, (4)
where the ln’s are the non-zero positive roots of
tan ln ¼ aln, (5)
D the diffusion coefficient (cm2 s1), l the biofilm thickness
(cm), and a a variable depending on the final fractional uptake
of solute by the sheet at equilibrium (see Eq. (6)).
1 c0
c1
¼ 1
1þ a . (6)
This a can also be expressed as the ratio of the volumes of
solution (VL) and sheet (VF) taking into account the partition
factor K (Crank, 1975):
a ¼ VL
KVF
. (7)
Eq. (4) has been calculated using the first six positive roots
of Eq. (5), which can be found in the literature in tabulated
form (Crank, 1975; Carslaw and Jaeger, 1959). The results of
Eq. (4) were transformed to the fractional loss of concentra-
tion in the solution (c/c0) corresponding to Eq. (8) and plotted
together with the experimental data.
c
c0
¼ 1 q
q1
þ q
q1
c1
c0
. (8)
Visual fitting of the modeled curve to the experimentally
determined time course of the sorption process was per-
formed by selecting an appropriate value for the diffusion
coefficient D.
It has to be pointed out that the model can only be applied
to partitioning processes (linear sorption isotherm). There-
fore, a linear sorption isotherm for PAH partitioning into the
biofilm was assumed in our experiments and verified as
described below. Another general assumption for the math-
ematical solution of Eq. (3) is that the plane sheet is made of
homogeneous (isotropic) medium, which essentially means
that the diffusion coefficient is not dependent on the position
in the sheet. Finally, diffusion in the boundary layer between
the sorbent and the free dissolved phase is assumed to be
negligible (achieved by high flow rates through the reactor).Please cite this article as: Wicke, D., et al., Experimental and mo
organic contaminants to microbial biofilms, Water Res. (2007), d3. Results and discussion
3.1. System design
The design of the biofilm reactors used for the sorption
experiments (Fig. 1b) followed the below criteria:de
oi:OF
All reactor materials, namely the solid support for the
biomass, should be polar to reduce hydrophobic interac-
tion and sorption of the analytes. Therefore, glasswarewas
used wherever possible and tubing made of PTFE. High-
porosity polypropylene (Carlson and Silverstein, (1997)),
silicone rubber tubes (Zhang et al., 1998) or geotextiles
(Karamanev and Samson (1998)), which have been used as
solid support in other investigations, were not suitable. For
the same reason, no peristaltic pump but a medium-
pressure liquid chromatography piston pump with ad-
sorption-resistant materials was used to circulate the
solution through the biofilm reactor. With the final setup,
the control experiment without biofilm showed only
marginal adsorption of the solutes with less than 5% of
the initial concentration (30ng). ROStarting concentration of the analytes should not exceedthe microgram per liter range, which are concentrationsnot too far from those one can expect to occur in theenvironment.
  PA decrease in the solute concentration should be detect-able without the need for analyte enrichment (extraction
of the aqueous phase). Flow cells (e.g. deBeer and Stoodley,
1995) would not have provided sufficient surface area. DDespite using a column reactor for the sorption experi-
ment, the concept of a completely mixed batch reactor
system should be used for modeling (DCBR). In this system
only an almost differential decrease in solute concentra-
tion during one column passage is allowable. This requires
a short residence time and, thus, high flow rates to be
used. The flow rate is, however, limited by the rigidity of
the microbial biofilm. Vice versa, not all microorganisms
form biofilms that are sufficiently stable to remain in the
reactor. A high flow rate is also required to reduce the thickness of
the boundary layer in the water surrounding the biofilm to
a minimum.
3.2. Biofilm
Nine microbial strains isolated from soil samples of a public
park and from a slow sand filtration unit were tested for their
potential to produce firmly attached biofilms of sufficient
mass that resist high flow rates. Highest biofilm production in
the reactor was achieved with isolate 30A, a bacterial strain
isolated from glass slides deployed in a slow sand filter test
facility in Berlin, Marienfelde and identified as Rhizobiaceae.
These are typical soil bacteria and symbiotic nitrogen fixers
that can be found on the roots of plants and especially in
legume plants.
The stability of the biofilm in the reactor could be improved
by installing the secondary loop (see Fig. 1) that allowed to
increase the flow rate (to 35mLmin1) already during theling approach to study sorption of dissolved hydrophobic
10.1016/j.watres.2007.01.039
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Fig. 2 – Sorption of PAH to bacterial biofilms of strain 30A
(Rhizobiaceae). (a) Sorption curves for three PAH (initial
concentration 1.25lgL1, biofilm mass 38mg dry weight);
(b) curve fitting for sorption of pyrene with the diffusion
model for a plane sheet, assuming a single-stage process; (c)
curve fitting assuming a two-stage process.
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growth phase without increasing the consumption of growth
medium. Using this modified experimental setup, between 30
and 150mg of biofilm (dry weight) were attached to the glass
beads of one reactor. Taking into account a measured water
content of 89% in these biofilms of strain 30A, this corre-
sponds to a wet biofilm mass of approximately 0.3–1.3 g per
reactor and to an average biofilm thickness of about 5–20mm.
During the experiments, a part of the biofilm was washed
out and appeared in the supply bottle as particulate organic
matter (POM) and DOC. Usually, between 1–5% POM and
2–10% DOC were washed out based on the mass of the biofilm
at the beginning of the sorption experiment. This corre-
sponds to POM concentrations of 1–8mgL1 and DOC
concentration of 10–23mgL1 (including 4.5mgL1 back-
ground DOC of the tap water) in the supply bottle at the end
of the experiment.
While the POM was added to the biofilm mass in all
calculations, the DOC could be more critical for the experi-
mental results. Elevated DOC concentrations could enhance
the apparent solubility of hydrophobic contaminants in water
and could, thus, lead to an experimental underestimation of
their sorption tendency. However, aquatic compartments that
come in contact with organic solid phases exhibit DOC
concentrations in the range of 1–100mgL1. Therefore,
distribution coefficients between an aqueous phase with
DOC and a biofilm are more realistic than those determined
from solution without any DOC. Moreover, organic matter
released from biofilms (soluble microbial products) is ex-
pected to be comparatively polar (Nielsen et al., 1997) and,
thus, less critical in terms of cosolvation effects. Indeed, SEC-
OCD analyses of the DOM confirmed that it primarily
consisted of polysaccharides/proteins and low-molecular-
weight acids. Therefore, the DOC of 10–23mgL1 is not
expected to bias the sorption experiments.
3.3. Sorption experiments
A typical time curve of the concentration decrease of
phenanthrene, fluoranthene and pyrene is shown in Fig. 2a.
The partitioning equilibrium is almost reached within 2h.
These diagrams provide information on both (a) the thermo-
dynamics of the sorption/partitioning process as visible from
the final dissolved concentration at equilibrium and (b) on the
kinetics of the process, indicated by the slope of the curves.
3.3.1. Sorption equilibrium
In case that the sorbed mass of a solute is low compared to
the mass or surface of the sorbent, one can assume a linear
sorption isotherm. In that case the parameter n of the
Freundlich isotherm equals one. A Freundlich parameter n
close to 1 (0.85–1.08) was found for sorption of phenanthrene
to sediment, humin and humic acids with equilibrium
concentrations between 4 and 90mg/L (Parikh et al., 2004).
Linear isotherms have also been detected for PAH sorption to
estuarine colloids (Wijayaratne and Means, 1984) at equili-
brium concentrations up to 30–300mg/L.
With this assumption, a distribution/partitioning coeffi-
cient (KD) can be approximated from the equilibrium con-
centration reached in the biofilm reactor experiments
provided that the sorbent mass (biomass dry weight) of eachPlease cite this article as: Wicke, D., et al., Experimental and mo
organic contaminants to microbial biofilms, Water Res. (2007), dexperiment is determined. From these KD values, we further
calculated water/biomass organic carbon distribution coeffi-
cients (KOC):
Koc ¼
KD
foc
. (9)
An organic carbon fraction (foc) of 0.48 was measured for
the biofilm (dry weight) using an elemental analyzer. In Table
1 average Koc values for the bacterial strain 30A obtained fromdeling approach to study sorption of dissolved hydrophobic
oi:10.1016/j.watres.2007.01.039
ED
 PR
OO
F
1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33
35
37
39
41
43
45
47
49
51
53
55
57
59
61
63
65
67
69
71
73
75
77
79
81
83
85
87
89
91
93
95
97
99
101
103
105
107
109
111
112
113
114
115
ARTICLE IN PRESSWR : 6266
Table 1 – Koc and logKoc values for sorption of selected PAH to organic matter of a biofilm of strain 30A (Rhizobiaceae)
compared to other organic sorbents (literature data)
This study Literature values (log values)
Koc (ml g
1)
(mean, n ¼ 12)
logKoc
mean7S(x),
n ¼ 12
logKow Jonassen et
al. (2003)
Gauthier et
al. (1986)
Krauss and
Wilcke (2001)a
Parikhet al.
(2004)
Biofilm Octanol Aldrich
humic acid
Humic
materials
Soils and
sediments
Soils and
sediments
Phenanthrene 12,400 4.170.1 4.770.17 4.2 4.7 4.1–6.7 4.2–4.7
Fluoranthene 28,800 4.570.2 5.270.17 4.6–6.7
Pyrene 38,800 4.670.2 5.270.17 5.0 4.7–5.2 4.6–6.8
a Including literature values of nine sources.
1.2
1.0
0.8
0.6
0.4
0.2
0.0
0 50 100 150
time [min]
first run second run
c
/c
0
Fig. 3 – Sequential sorption experiment: concentration
profiles for fluoranthene in two subsequent runs.
Equilibrium concentration is higher after the second run
because the biofilm was preloaded during the first run (for
quantitative results refer to Table 2).
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12 sorption experiments are compiled. The log Koc values
range from 4.1 for phenanthrene to 4.6 for pyrene and
increase according to the Kow values of these compounds.
The standard deviation of experimentally determined values
is in the range of 0.1–0.2 on the log scale, showing that the
experimental approach is well reproducible.
These experimentally determined Koc values for biofilms of
strain 30A (Rhizobiaceae) are at the lower end of those reported
in literature for other organic sorbents such as humic acids,
soil and sediment (Table 1). This can be explained with the
presumably higher polarity and low aromaticity of the EPS
forming the biofilms like proteins and polysaccharides
(Nielsen et al., 1997).
In a conceptual model a bacterial biofilm is heterogeneous,
consisting of different bacterial cells with their cell mem-
brane as potential sorbent and the EPS with its different
constituents that may function as an organic phase that can
take up HOC. The sorption properties of such a biofilm
should, then, be a combination of the sorption properties of
all its constituents. The experimental design and the model-
ing approach was selected to provide quantitative data for
PAH sorption to intact biofilms, and it, thus, aimed at
integrating rather than resolving the different biofilm com-
ponents. For one of the solutes in this study, phenanthrene,
partitioning coefficients towards EPS dissolved in water have
been determined (logKoc 3.6–4.4; Brunk et al., 1997; Dohse and
Lion, 1994). Those values compare well with the average
logKoc of 4.1 found in these experiments (Table 1).
Sorption coefficients for any of these PAH onto bacteria
were not available to us, but one would expect sorption to be
stronger than to the biofilm as a whole or to pure EPS.
Correspondingly, Wang et al. (2002) showed that sorption of p-
chlorophenol was stronger to bacterial cells than to their EPS.
The sorption of a series of PCB to bacteria was studied
recently (Sobek et al., 2006). The experimentally determined
Koc values varied for bacteria of different origin but were all
higher than the Kow values of the respective PCB. In this study
Koc values for PAH sorption to biofilm are consistently lower
than the Kow values reported in literature (see Table 1). This
indicates a generally stronger sorption tendency towards pure
bacterial cells with their lipophilic cell walls as compared to aPlease cite this article as: Wicke, D., et al., Experimental and mo
organic contaminants to microbial biofilms, Water Res. (2007), dbiofilm, where these bacteria are embedded into and diluted
(on a carbon basis) by a more hydrophilic EPS.3.3.2. Linearity of isotherms
The above calculation of Koc values was based on the
assumption that a linear relationship exists between the
dissolved concentration and the concentration in the biofilm
at equilibrium. This linearity was confirmed in two indepen-
dent ways.(i)del
oi:1A sequential sorption experiment was performed, in
which the biofilm preloaded in a first sorption cycle was
brought into contact with a fresh aqueous solution of
phenanthrene, fluoranthene and pyrene under conditions
identical to the first. The concentrations remaining in
solution after the second cycle were higher than in the
first one, because the biofilmwas already loadedwhen the
second cycle started (Fig. 3). Based on the KD values
calculated from the first sorption cycle on the assumption
of a linear sorption isotherm, the expected equilibrium
concentrations for the second cycle were predicted for
each compound. The calculated equilibrium concentra-ing approach to study sorption of dissolved hydrophobic
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ortions agreed well with the experimentally detected values
(Table 2).63(ii)65
67
69
71
73
75
77A second validation is provided by comparing the results
of several independent sorption experiments. Because the
biomass (and thus the amount of sorbent) growing and
remaining in a biofilm reactor differs from one reactor to
the next, the absolute amount of each PAH sorbed to the
biofilm and the solute concentration at equilibrium also
differ from one experiment to the next. By plotting the
equilibrium concentrations for each of the PAH in the
biofilm versus the dissolved concentrations at equilibrium
for the different independent experiments (Fig. 4), linear
isotherms were obtained for all three PAH. These experi-
ments validate the assumption of a linear sorption
isotherm and the whole experimental approach.ED
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Fig. 4 – Equilibrium concentration in the biofilm (cs) versus
the equilibrium concentration in the water phase (cw) for
phenanthrene, fluoranthene and pyrene in different
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3.4. Sorption kinetics
As Fig. 2a illustrates, sorption of PAH to the bacterial biofilm is
a comparatively fast process. During all experiments the
equilibrium appears to be reached within 120–150min.
Assuming (a) a completely mixed reactor system, (b) an only
incremental decrease of the solute concentration during one
passage of the biofilm reactor (DBCR) and (c) a negligible
boundary layer outside of the biofilm surface, the concentra-
tion decrease in solution is solely determined by the speed of
diffusion of the solute in the sorbent (biofilm). The change in
solute concentration over time can, then, be used to calculate
its diffusion coefficient in the biofilm.
3.5. Modeling
Based on these time curves (Fig. 2a) and assuming a
homogeneous biofilm of even thickness diffusion coefficients
D for each of the PAH in bacterial biofilm were assessed using
the model for diffusion through a plane sheet as described in
detail in Section 2. The diffusion coefficients are obtained by
visually adopting the model curve to the experimental data
for each of the PAH.
The result of one such fitting process is exemplarily shown
in Fig. 2b for pyrene. Mean diffusion coefficients of the three
PAH obtained from a series of eight experiments are displayed
in Table 3. The diffusion coefficients decrease with increasing
molecular mass and size from phenanthrene to pyrene (Table
3). The standard deviation of the determined diffusionUN
ble 2 – Normalized concentration derived from sequential s
Sorption 1
c/c0 measured KD (mg

enanthrene 0.63 8.0
uoranthene 0.44 17.5
rene 0.37 23.5
ease cite this article as: Wicke, D., et al., Experimental and mo
ganic contaminants to microbial biofilms, Water Res. (2007), dOO
F
coefficients is, however, comparatively large. This may be
due to the fact that the biofilm in one reactor is the product of
a microbial growth process and of a complex attachment
process during the growth phase of 6 days on average.
Bacterial growth and biofilm formation occur in parallel and
interact with each other, leading to different developments of
the biofilm in each experiment. Moreover, biofilms grown in
different experiments may not only differ in mass and biofilm
thickness but also in their chemical composition and, thus, in
their physical properties.
The diffusion coefficients calculated from these experi-
ments for phenanthrene, fluoranthene and pyrene in micro-
bial biofilms are between 0.23 and 0.45109 cm2 s1 (Table
3). As these appear to be the first diffusion coefficients of PAH
in biofilms, we cannot compare them with literature data.
However, their plausibility can be checked in two ways:
Firstly one can compare them with diffusion coefficients of
PAH and similar HOC (regarding size and hydrophobicity
(logKow)) in other matrices. As expected, the diffusivity of the
investigated PAH is highest in water (DL5–7106 cm2 s1;
Schramke et al., 1999). Our values for PAH in biofilm are
approximately four orders of magnitude lower, suggesting
that PAH in biofilms are not transported as freely dissolved
components through the aqueous phase of the biofilms.
Significantly lower diffusion coefficients were found for
chlorobenzenes in natural sediments and soils109
111
112
113
114
115
orption experiment (two stages, Fig. 3)
Sorption 2
1) c/c0 calculated c/c0 measured
0.87 0.84
0.69 0.68
0.60 0.57
experiments with the same bacterial strain.
deling approach to study sorption of dissolved hydrophobic
oi:10.1016/j.watres.2007.01.039
D1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33
35
37
39
41
43
45
47
49
51
53
55
57
59
61
63
65
67
69
71
73
75
77
79
81
83
85
87
89
91
93
95
97
99
101
103
105
107
109
111
112
113
114
115
ARTICLE IN PRESSWR : 6266
Table 3 – Diffusion coefficients (D) in biofilm of strain 30A (Rhizobiaceae) assuming a single-stage and a two-stage process
(n ¼ 8)
Single-stage sorption Two-stage sorption
(0–150min) Stage 1 (0–15min) Stage 2 (15–150min)
D (109 cm2 s1) mean7S(x) D (109 cm2 s1) mean7S(x) D (109 cm2 s1) mean7S(x)
Phenanthrene 0.4570.16 3.170.73 0.3570.16
Fluoranthene 0.2470.09 2.170.59 0.3070.12
Pyrene 0.2370.07 1.870.72 0.3070.13
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(41011 cm2 s1 for tetrachlorobenzene (log Kow ¼ 4.2) to
81012 cm2 s1 for pentachlorobenzene, log Kow ¼ 4.6) (Wu
and Gschwend, 1986). Diffusion coefficients for three-and
four-ring-PAH in condensed-phase organic matter of sedi-
ments were found to be six orders of magnitude lower than
those we have determined in biofilm (8.51016 cm2 s1; Chai
et al., 2006).
Secondly, the diffusivities of PAH in biofilms can be
compared to that of other solutes in biofilm. For highly
soluble substrates (e.g. O2, glucose, NO3
 and acetate), values
between 110% and 8% of the aqueous diffusivity were
reported in a review paper (Stewart, 1998). For the more
hydrophobic compound toluene (log Kow ¼ 2.7) in biofilm of
Pseudomonas putida, a diffusion coefficient of 1.3107 cm2 s1
was determined, which was about two orders of magnitude
slower than in water (Holden et al., 1997). For the slightly
more hydrophobic dye fluorescein (logKow ¼ 3.0), a diffusion
coefficient of 7.7108 cm2 s1 was experimentally detected
using confocal laser microscopy (Lawrence et al., 1994). It is,
then, reasonable that the PAH with logKow values between 4.7
and 5.2 exhibit diffusion coefficients of 0.23–0.45
109 cm2 s1. This further agrees to a conclusion of Wu
and Gschwend (1986) that compounds with higher Kow values
show slower sorption.
3.5.1. Two-stage process
In many experiments, the single-stage sorption curves do not
seem to adequately describe the initial phase of PAH sorption
(Fig. 2b). This is partly due to a discontinuity in the
concentration gradient occurring after 10–15min in this and
most other experiments. A better adaptation of the modeled
curve to the measured data is obtained by assuming two
sorption phases, a rapid initial process to an ‘equilibrium’
concentration corresponding to the point of discontinuity and
a second phase of slower sorption continuing until the final
equilibrium is reached (Fig. 2c). The two-stage sorption may
reflect the heterogeneity of microbial biofilms with more
easily accessible and more rigid and, thus, less easily
accessible zones.
Therefore, a two-stage model was adopted to the data and
the diffusion coefficients obtained for the initial diffusion
phase (1.8–3.1109 cm2 s1) are about one order of magni-
tude larger than those obtained for the second phase (around
0.3109 cm2 s1) (Table 3). For the whole sorption process,
however, the second phase appears to be more decisive, asPlease cite this article as: Wicke, D., et al., Experimental and mo
organic contaminants to microbial biofilms, Water Res. (2007), d PR
OO
F
the diffusion coefficients during this phase are similar to
those obtained with the single-stage approach for the whole
sorption process (Table 3).
Several studies have shown previously that mass transport
through a biofilmmay be influenced by its heterogeneity with
voids and cell clusters (DeBeer and Stoodley, 1995). In a study
using NMR techniques, the authors found indications for a
more rapid diffusion of glycerol in biofilm pores and a
significantly slower diffusion through the EPS network (Vogt
et al., 2000). Similar mechanisms may also explain the two
speeds of diffusion visible for the PAH in these experiments.
Two-stage processes have been repeatedly observed for the
sorption and desorption of PAH and other HOC from soil and
sediment (Sun et al., 2003; Shor et al., 2003).E4. Conclusions
The developed biofilm reactor operated as a DCBR allows to
study the sorption of PAH to intact microbial biofilms at
environmentally relevant solute concentrations. An inte-
grated view is provided on the thermodynamics as well as
the kinetics of the exchange of HOC between an aqueous
phase and microbial biofilms. The logKoc values of the PAH
for bacterial biofilm are in the range of 4.1–4.6, showing that
biofilms can be a significant sink for HOC.
Using the analytical solution of diffusion from a stirred
solution of limited volume into a plane sheet, diffusion
coefficients for the intra-biofilm diffusion were calculated
from the experimental data. With values between 0.23 and
0.45109 cm2 s1, diffusion coefficients of the investigated
HOC were about four orders of magnitude lower than those
found for diffusion in water, but higher than those found in
soil organic matter. Most of the sorption processes showed
two phases, a rapid initial sorption followed by a second
phase of slower diffusion into the biofilm.
These thermodynamic and kinetic data can be used to
quantitatively assess the importance of microbial biofilms for
the fate of HOC in different systems comprising an aqueous
and a biofilm phase. Biofilm reactors are useful means to
study the influence of various factors on transport processes
in biofilms, whether they are biological (kind of microorgan-
isms and physiological status), chemical (composition of the
water phase) or physical (temperature).deling approach to study sorption of dissolved hydrophobic
oi:10.1016/j.watres.2007.01.039
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